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(57) ABSTRACT 

Novel phosphor systems are disclosed having the formula 
A.SiO, Eu"D, where A is at least one of a divalent metal 
selected from the group consisting of Sr, Ca, Ba, Mg., Zn, 
and Cd; and D is a dopant selected from the group consisting 
of F, Cl, Br, I, P, S and N. In one embodiment, the novel 
phosphor has the formula (Sri-Ba, M), SiO:Eu"F 
(where M is one of Ca, Mg., Zn, or Cd in an amount ranging 
from 0<y<0.5). The phosphor is configured to absorb visible 
light from a blue LED, and luminescent light from the 
phosphor plus light from the blue LED may be combined to 
form white light. The novel phosphors can emit light at 
intensities greater than either conventionally known YAG 
compounds, or silicate-based phosphors that do not contain 
the inventive dopant ion. 

21 Claims, 18 Drawing Sheets 
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SILICATE-BASEDYELLOW-GREEN 
PHOSPHORS 

REFERENCE TO RELATED APPLICATION 

The present application is a continuation-in-part of U.S. 
patent application Ser. No. 10/912,741, filed Aug. 4, 2004, 
and titled “Novel phosphor systems for a white light emit 
ting diode (LED).” by inventors Yi Dong, Ning Wang, 
Shifan Cheng, and Yi-Qun Li. U.S. patent application Ser. 
No. 10/912,741 is hereby incorporated by reference in its 
entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Embodiments of the present invention are directed in 

general to novel silicate-based yellow and/or green phos 
phors (herein referred to as yellow-green phosphors) for use 
in a white light illumination system Such as a white light 
emitting diodes (LED). In particular, the yellow-green phos 
phors of the present invention comprise a silicate-based 
compound having at least one divalent alkaline earth ele 
ment and at least one anion dopant, wherein the optical 
performance of the novel phosphors is equal to or exceeds 
that of either known YAG:Ce compounds or known silicate 
based compounds that do not take advantage of the benefits 
of including an anion dopant. 

2. State of the Art 
White LEDs are known in the art, and they are relatively 

recent innovations. It was not until LED's emitting in the 
blue/ultraviolet region of the electromagnetic spectrum were 
developed that it became possible to fabricate a white light 
illumination source based on an LED. Economically, white 
LEDs have the potential to replace incandescent light 
Sources (light bulbs), particularly as production costs fall 
and the technology develops further. In particular, the poten 
tial of a white light LED is believed to be superior to that of 
an incandescent bulbs in lifetime, robustness, and efficiency. 
For example, white light illumination sources based on 
LEDs are expected to meet industry standards for operation 
lifetimes of 100,000 hours, and efficiencies of 80 to 90 
percent. High brightness LEDs have already made a sub 
stantial impact on Such areas of Society as traffic light 
signals, replacing incandescent bulbs, and so it is not Sur 
prising that they will soon provide generalized lighting 
requirements in homes and businesses, as well as other 
everyday applications. 

There are several general approaches to making a white 
light illumination system based on light emitting phosphors. 
To date, most white LED commercial products are fabri 
cated based on the approach shown in FIG. 1, where light 
from a radiation source does affect the color output of the 
white light illumination. Referring to the system 10 of FIG. 
1, a radiation source 11 (which may be an LED) emits light 
12, 15 in the visible portion of the electromagnetic spectrum. 
Light 12 and 15 is the same light, but is shown as two 
separate beams for illustrative purposes. A portion of the 
light emitted from radiation source 11, light 12, excites a 
phosphor 13, which is a photoluminescent material capable 
of emitting light 14 after absorbing energy from the Source 
11. The light 14 can be a a substantially monochromatic 
color in the yellow region of the spectrum, or it can be a 
combination of green and red, green and yellow, or yellow 
and red, etc. Radiation source 11 also emits blue light in the 
visible that is not absorbed by the phosphor 13; this is the 
visible blue light 15 shown in FIG. 1. The visible blue light 
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2 
15 mixes with the yellow light 14 to provide the desired 
white illumination 16 shown in the figure. 
A known yellow phosphor that has been used in the art 

according to the scheme illustrated in FIG. 1 is a YAG-based 
phosphor having a main emission peak wavelength that 
varies in the range of about 530 to 590 nm depending on the 
composition, especially the amount of gadolinium (Gd) 
atoms Substituting yttrium (Y) atoms constituting the YAG 
based phosphor. Another factor that influences the main 
emission peak wavelength is the amound of the Ce" added 
as a luminescent center. It is known that the peak emission 
wavelength shifts to longer wavelengths as either the Sub 
stitution amount of Gd or the amount of Ce" is increased. 
Color control of the white light may be accomplished by 
changing the output ratio between the blue light emitted by 
the blue LED and the yellow light emitted by the YAG-based 
phosphor. 

U.S. Pat. No. 5,998,925 to Shimizu et al. discloses the use 
of a 450 nm blue LED to excite a yellow phosphor com 
prising a yttrium-aluminum-garnet (YAG) fluorescent mate 
rial. In this approach a InGaN chip functions as a visible, 
blue-light emitting LED, and a cerium doped yttrium alu 
minum garnet (referred to as “YAG:Ce’) serves as a single 
phosphor in the system. The phosphor typically has the 
following stoichiometric formula: YAl-O,2:Ce". The blue 
light emitted by the blue LED excites the phosphor, causing 
it to emit yellow light, but not all the blue light emitted by 
the blue LED is absorbed by the phosphor; a portion is 
transmitted through the phosphor, which then mixes with the 
yellow light emitted by the phosphor to provide radiation 
that is perceived by the viewer as white light. 
The YAG:Ce phosphors of the prior art have known 

disadvantages. One disadvantage is that when used in an 
illumination system it may contribute to production of white 
light with color temperatures ranging from 6,000 to 8,000 K, 
which is comparable to Sunlight, and a typical color render 
ing index (CRI) of about 70 to 75. These specifications are 
viewed as a disadvantage because in Some instances white 
light illumination systems with a lower color temperature 
are preferred, such as between about 3000 and 4100 K, and 
in other cases a higher CRI is desired, such as above 90. 
Although the color temperature of this type of prior art 
system can be reduced by increasing the thickness of the 
phosphor, the overall efficiency of the system decreases with 
Such an approach. 

Another yellow phosphor that has been used in the art 
according to the scheme illustrated in FIG. 2 is a silicate 
based phosphor described by T. Maeda et al. in U.S. Patent 
Application Publication 2004/0104391 A1, published Jun. 3, 
2004. In this publication, T. Maeda et al. describe a silicate 
based phosphor according to the formula (Sr, 
BaCal Eu)SiO, where 0s als0.3: Osb1s0.8; and 
0<x<1. This yellow-yellowish phosphor emits a fluores 
cence having a main emission peak in the wavelength range 
from 550 to 600 nm, inclusive, with a wavelength range 560 
to 590 nm being preferred. Still more preferable was a 
phosphor emitting a fluroescence having a main emission 
peak in the wavelength range 565 to 585 nm, both inclusive. 

That the YAG-based phosphors exemplified by U.S. Pat. 
No. 5,998,925 to Shimizu et al., or the silicate-based phos 
phors of T. Maeda et al. in U.S. Patent Application Publi 
cation 2004/0104391 A1, can produce white light according 
to the visible excitation source scheme of FIG. 1, may be 
understood in part by studying an excitation spectra shown 
in FIG. 2, taken from the Maeda et al. patent application. 
FIG. 2 is a graph showing the excitation and emission 
spectra of Maeda et al.'s silicate phosphor and a YAG-based 
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phosphor. Maeda et al.'s silicate based phosphor is a yellow 
(or yellow/yellowish, as they describe it) phosphor which 
has an excitation peak around 250 to 300 nm, and absorbs 
light in a wavelength range of 100 to 500 nm to emit a 
yellow/yellowish fluorescence having an emission peak in 
the 550 to 600 nm range; i.e., from yellow-green to yellow 
to orange. Accordingly, if light from the yellow/yellowish 
phosphor of Maeda et al. is combined with the blue light 
from a blue-light-emitting device, the resulting light is 
substantially white in nature. 
Maeda et al. concede in FIG. 2 that their silicate phosphor 

has a low luminous efficacy, the luminous efficacy of their 
silicate-based phosphor being only half of that of a YAG 
based phoshpor under 470 nm excitation when the silicate 
based phosphor is excited by blue light in the wavelength 
range greater than 430 nm and less than or equal to 500 nm. 
This necessitates the use of a larger amount of Maeda et al.'s 
phosphor relative to a YAG-based phosphor in order to 
obtain the same color of light according to the scheme of 
FIG. 2. In a description provided by Maeda et al., the 
luminescent layer is “relatively thick’ compared to that 
which would have been used had the luminescent been a 
YAG-based phosphor. In this case the blue light intensity 
used as a part of white illumination will be significantly 
reduced by relative thick layer of Maeda et al’s yellow 
phosphors. 
What is needed is an improvement over the silicate-based, 

yellow phosphors of the prior art where the improvement is 
manifestated at least in part by an equal or greater conver 
sion efficiency from blue to yellow. The enhanced yellow 
phosphor with low gravity density and low cost may be used 
in conjunction with a blue LED to generate light whose color 
output is stable, and whose color mixing results in the 
desired uniform, color temperature and color rendering 
index. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention are directed to 
novel silicate-based yellow and/or green phosphors (herein 
referred to as yellow-green phosphors) for use in a white 
light illumination system Such as a white light emitting 
diodes (LED). In particular, the yellow-green phosphors of 
the present invention comprise a silicate-based compound 
having at least one divalent alkaline earth element and at 
least one anion dopant, wherein the optical performance of 
the novel phosphors is equal to or exceeds that of either 
known YAG:Ce compounds or known silicate-based com 
pounds that do not take advantage of the benefits of includ 
ing an anion dopant. 

In one embodiment of the present invention, the novel 
silicate-based yellow-green phosphor has the formula 
A.SiO, Eu"D, where A is at least one of a divalent metal 
selected from the group consisting of Sr, Ca, Ba, Mg., Zn, 
and Cd; and D is a dopant selected from the group consisting 
of F, Cl, Br, I, P S and N, wherein D is present in the 
phosphor in an amount ranging from about 0.01 to 20 mole 
percent. This silicate-based phosphor is configured to absorb 
radiation in a wavelength ranging from about 280 nm to 490 
nm, and emits visible light having a wavelength ranging 
from about 460 nm to 590 nm. 

In an alternative embodiment, the silicate-based phosphor 
has the formula (Sr, Ba, M.).SiO, Eu"D, where M is at 
least one of an element selected from the group consisting of 
Ca, Mg., Zn, and Cd, and where 
Osxs 1: 
Osys 1 when M is Ca; 
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4 
Osys 1 when M is Mg; and 
Osys 1 when M is selected from the group consisting of 
Zn and Cd. 

In one embodiment, the "D' ion in the silicate-based 
phosphor is fluorine. 

In an alternative embodiment, the silicate-based has the 
formula (Sr, Ba, M.), SiO:Eu"F, where M is at least one 
of an element selected from the group of Ca, Mg., Zn, Cd, 
and where 
Osxs0.3: 
0sys0.5 when M is Ca: 
Osys0.1 when M is Mg; and 
Osys0.5 when M is selected from the group consisting 

of Zn and Cd. 

This phophor emits light in the yellow region of the elec 
tromagnetic spectrum, and has a peak emission wavelength 
ranging from about 540 to 590 nm. 

In an alternative embodiment, the silicate-based phosphor 
has the formula (Sri Ba, M.).SiO:Eu°F, where M is at 
least one of an element selected from the group consisting of 
Ca, Mg., Zn, and Cd, and where 

0.3 sxs 1: 
0sys0.5 when M is Ca: 
Osys0.1 when M is Mg; and 
Osys0.5 when M is selected from the group consisting 

of Zn and Cd. 

This silicate-based phosphor emits light in the green region 
of the electromagnetic spectrum, and has a peak emission 
wavelenth ranging from about 500 to 530 nm. The silicate 
based phosphor emits light in the green region of the 
electromagnetic spectrum, and has a peak emission wave 
lenth ranging from about 500 to 530 nm. 

In an alternative embodiment, a white light LED is 
disclosed, the white light LED comprising a radiation source 
configured to emit radiation having a wavelength ranging 
from about 410 to 500 nmi; a yellow phosphor according to 
claim 7, the yellow phosphor configured to absorb at least a 
portion of the radiation from the radiation source and emit 
light with a peak intensity in a wavelength ranging from 
about 530 to 590 nm. 

In an alternative embodiment, the white LED may com 
prise a radiation source configured to emit radiation having 
a wavelength ranging from about 410 to 500 nmi; a yellow 
phosphor according to claim 7, the yellow phosphor con 
figured to absorb at least a portion of the radiation from the 
radiation source and emit light with peak intensity in a 
wavelength ranging from about 530 to 590 mm; and a green 
phosphor according to claim 9, the green phosphor config 
ured to absorb at least a portion of the radiation from the 
radiation source and emit light with peak intensity in a 
wavelength ranging from about 500 to 540 nm. 

In an alternative embodiment, the white LED may com 
prise a radiation source configured to emit radiation having 
a wavelength ranging from about 410 to 500 mm; a green 
phosphor according to claim 9, the green phosphor config 
ured to absorb at least a portion of the radiation from the 
radiation source and emit light with peak intensity in a 
wavelength ranging from about 500 to 540 nmi; and a red 
phosphor selected from the group consisting of CaS:Eu", 
SrS:Eu", MgO*MgF*GeO:Mn", and M.S.N.:Eu", 
where M is selected from the group consisting of Ca, Sr., Ba, 
and Zn; Z=2/3x--4/3y, wherein the red phosphor is config 
ured to absorb at least a portion of the radiation from the 
radiation source and emit light with peak intensity in a 
wavelength ranging from about 590 to 690 nm. 
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In an alternative embodiment, the white LED may com 
prise a radiation source configured to emit radiation having 
a wavelength ranging from about 410 to 500 mm; a yellow 
phosphor according to claim 7, the yellow phosphor con 
figured to absorb at least a portion of the radiation from the 
radiation source and emit light with a peak intensity in a 
wavelength ranging from about 540 to 590 mm; and a red 
phosphor selected from the group consisting of CaS:Eu", 
SrS:Eu?", MgO*MgF*GeO:Mn", and M.S.N.:Eu', 
where M is selected from the group consisting of Ca, Sr., Ba, 
and Zn; and Z=2/3x+4/3y, wherein the red phosphor is 
configured to absorb at least a portion of the radiation from 
the radiation source and emit light with peak intensity in a 
wavelength ranging from about 590 to 690 nm. 

Further embodiments of the composition comprise a 
silicate-based yellow phosphor having the formula A-SiO: 
Eu"D, wherein A is at least one divalent metal selected from 
the group consisting of Sr, Ca, Ba, Mg., Zn, and Cd; and D 
is an ion that is present in the yellow phosphor in an amount 
ranging from about 0.01 to 20 mole percent; and a blue 
phosphor, wherein the yellow phosphor is configured to emit 
visible light with a peak intensity in a wavelength ranging 
from about 540 nm to 590 mm; and the blue phosphor is 
configured to emit visible light with a peak intensity in a 
wavelength ranging from about 480 to 510 nm. The blue 
phosphor of the composition is selected from the group 
consisting of silicate-based phosphors and aluminate-based 
phosphors. The composition of the silicate-based blue phos 
phor may have the formula Sr.,Mg, BaSiO:Eu°F; and 
where 
0.5sxs 1.0; and 
0sys0.5. 

Alternatively, the composition of the aluminate-based blue 
phosphor may have the formula Sr.,MgEu, AloO7; and 
where 

0.01 sys 1.0. 
In an alternative embodiment, a composition comprises a 

silicate-based green phosphor having the formula A-SiO: 
Eu"D wherein A is at least one of a divalent metal selected 
from the group consisting of Sr, Ca, Ba, Mg., Zn, and Cd; and 
D is a negatively charged halogen ion that is present in the 
green phosphor in an amount ranging from about 0.01 to 20 
mole percent; a blue phosphor; and a red phosphor, wherein 
the green phosphor is configured to emit visible light with a 
peak intensity in a wavelength ranging from about 500 to 
540 nmi; the blue phosphor is configured to emit visible light 
with a peak intensity in a wavelength ranging from about 
480 to 510 nmi; and the red phosphor is configured to emit 
visible light with a peak intensity in a wavelength ranging 
from about 575 to 620 nm. 

In an alternative embodiment, methods are provided for 
preparing a silicate-based yellow phosphor having the for 
mula A-SiO, Eu"D, wherein A is at least one of a divalent 
metal selected from the group consisting of Sr, Ca, Ba, Mg, 
Zn, and Cd; and D is a dopant selected from the group 
consisting of F, Cl, Br, I, P S and N, wherein D is present 
in the phosphor in an amount ranging from about 0.01 to 20 
mole percent, the method selected from the group consisting 
of a sol-gel method and a solid reaction method. 

Methods for preparing the novel phosphors include sol 
gel methods, which comprises the steps of: 

a) dissolving a desired amount of an alkaline earth nitrate 
Selected from the group consisting of Mg, Ca, Sr, and 
Ba-containing nitrates with a compound selected from 
the group consisting of EuO and BaF2 or other alka 
line metal halides, in an acid, to prepare a first solution; 
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6 
b) dissolving corresponding amount of a silica gel in 

de-ionized water to prepare a second solution; 
c) stirring together the Solutions produced in steps a) and 

b), and then adding ammonia to generate a gel from the 
mixture solution; 

d) adjusting the pH of the Solution produced in step c) to 
a value of about 9, and then stirring the solution 
continuously at about 60° C. for about 3 hours; 

e) drying the gelled Solution of step d) by evaporation, and 
then decomposing the resulting dried gel at 500 to 700° 
C. for about 60 minutes to decompose and acquire 
product oxides; 

f) cooling and grinding the gelled solution of step e) with 
NHF or other ammonia halides when alkaline earth 
metal halides are not used in step a) to produce a 
powder, 

g) calcining/sintering the powder of step f) in a reduced 
atmosphere for about 6 to 10 hours, wherein the sin 
tering temperature ranged from about 1200 to 1400° C. 

In a method that involves a solid reaction method, the 
steps comprise: 

a) wet mixing desired amounts of alkaline earth oxides or 
carbonates (Mg, Ca, Sr., Ba), dopants of EuO and/or 
BaF2 or other alkaline earth metal halides, correspond 
ing SiO, and/or NHF or other ammonia halides with a 
ball mill. 

b) after drying and grinding, calcining and sintering the 
resulting powder in a reduced atmosphere for about 6 
to 10 hours, wherein the calcining/sintering tempera 
ture ranged from about 1200 to 1400° C. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of a general scheme 
for constructing a white light illumination system, the sys 
tem comprising a radiation Source that emits in the visible, 
and a phosphor that emits in response to the excitation from 
the radiation source, wherein the light produced from the 
system is a mixture of the light from the phosphor and the 
light from the radiation Source: 

FIG. 2 is an excitation spectrum plotted as a function of 
wavelength for a prior art YAG-based phosphor and a prior 
art silicate-based phosphor, included in the graph is an 
emission spectra measured from each of two prior art yellow 
phosphors, where both have been excited with radiation 
having a wavelength of 470 nm: 

FIG. 3 shows a collection of emission spectra of exem 
plary phosphors according to the embodiments of the 
present invention, the compositions varying in 
fluroine content but conforming to the formula 
(Sro, Bao)oosEuco-SiOF, where the wavelength of 
the excitation radiation used in the experiment was about 
450 nm, 

FIG. 4 is a graph of emission intensities versus doping 
concentration of the ion (D) for exemplary compositions 
having the formula (Sroo, Baos)oosEuool2SiO4D, 
where D in this experiment is F, Cl, or P; 

FIG. 5 is a graph of the peak wavelength position versus 
doping concentration of the anion (D) for exemplary com 
positions having the formula (Sro, Baos)oosFuolo.2SiO4. 
D, where D in this experiment is F, Cl, or P; 

FIG. 6 is a graph of the excitation spectra comparing 
fluorine containing silicates and non-fluorine containing 
silicates, further confirming the role that fluorine plays in the 
present embodiments; 

FIG. 7 shows a collection of emission spectra for exem 
plary phosphors having the formula (Sri-Bal)oosEuolo 
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2SiO4.D., illustrating how both peak intensity and wave 
length position change as a function of the ratio of the two 
alkaline earths Sr and Ba; 

FIG. 8 is a graph of emission intensity as a function of 
wavelength for compounds having similar CIE color, includ 
ing novel phosphors prepared by mixing 40% 
(Sro.7Baos)oosEuool2SiO5.9Fo and 60% 
(SrooBaloosMgolos)oosEuloozl2SiO3.9Fo: 
FIG. 9 is a collection of emission spectra of the exemplary 

phosphor (Sro,Baos)oosEuloo.2SiOsoFol tested as a func 
tion of temperature, which ranged from 25 to 120° C.; 

FIG. 10 is a graph of the maximum intensities of the 
spectra plotted as a function of temperature, where the 
maximum intensity of the exemplary yellow phosphor 
(Sr, Baos)oosEuool,SiOsoFol is shown compared with a 
YAG:Ce compound and a (YGd)AG compound; 

FIG. 11 is a graph of the maximum emission wavelengths 
of the spectra shown in FIG. 8 plotted as a function of 
temperature for the exemplary yellow phosphor 
(Sro.7Baos)oosEuloo.2)2SiO3.9Fo: 
FIG. 12 is a graph of the maximum emission intensity as 

a function of humidity for the exemplary yellow-green 
phosphor (Sro.7Baos)oosEuool2SiO3.9Fo: 

FIG. 13 relates to fabrication of the novel yellow-green 
phosphor, and is a graph of the fluorine concentration of a 
starting material in an exemplary sintered phosphor as a 
function of the mole percent of fluorine that actually ends up 
in the phoshor, the fluorine content in the sintered phosphor 
measured by secondary ion emisson spectroscopy (SIMS): 

FIG. 14 shows the location of the inventive yellow-green 
phosphors on a CIE diagram, along with an exemplary 
YAG:Ce phosphor for comparison: 

FIG. 15 is an emission spectrum from an exemplary white 
LED comprising yellow light from an exemplary 
(Sro, Bao Buolo) os Sio2Oslo Fo, phosphor in combina 
tion with blu light from a blue LED (used to provide 
excitation radiation to the exemplary yellow-green phos 
phor), the excitation wavelength of the blue LED about 450 
nm, 

FIG. 16 is an emission spectrum from an exemplary white 
LED comprising yellow light from the exemplary 
(Sro, Bao Buolo) os Sio2Oslo Fo, phosphor in combina 
tion with green light from an exemplay green phosphor 
having the formula (Baos Euolo) os Sio2Oslo Fo, with blue 
light from the blue LED as before in FIG. 14, the excitation 
radiation from the blue LED again having a wavelength of 
about 450 nm, 

FIG. 17 is an emission spectrum from an exemplary white 
LED comprising a blue LED (emitting at a peak wavelength 
of about 450 nm), the inventive yellow-green phosphor this 
time adjusted to emit more in the green at about 530 nm, and 
a red phosphor having the formula CaS:Eu; 

FIG. 18 is a chromaticity diagram showing the positions 
of an exemplary red, green and yellow phosphor, and the 
position of the resulting white light created by mixing light 
from the individual phosphors. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Embodiments of the present invention will be described in 
the following order: first, a general description of the novel 
silicate-based phosphor will be given, particularly with 
respect to selection of the dopant anion and reasons for its 
inclusion, and benefits especially in terms of enhanced 
emission intensity; the alkaline earths present in the phos 
phor, and the effect their content ratios has on luminescent 
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properties; and the effects that temperature and humidity 
have on the phosphor. Next, phosphor processing and fab 
rication methods will be discussed. Finally, the white light 
illumination that may be produced using the novel yellow 
green phosphor will be disclosed by first discussing the 
general characteristics of a blue LED, followed by a dis 
cussion of other phosphors that may be used in tandom with 
the novel yellow-green phosphor, Such as, in particular, a red 
phosphor. 

The Novel Yellow Phosphors of the Present Embodiments 
According to embodiments of the present invention, a 

yellow phosphor having the formula A-SiO:Eu"D is dis 
closed, wherein A is at least one of a divalent metal selected 
from the group consisting of Sr, Ca, Ba, Mg., Zn, and Cd; and 
D is a negatively charged ion, present in the phosphor in an 
amount ranging from about 0.01 to 20 mole percent. There 
may be more than one of the divalent metal A present in any 
one phosphor. In a preferred embodiment, D is a dopant ion 
selected from the group consisting of F, Cl, Br, and I, but D 
can also be an element such as N. S. P. As, Sb, P. As, and Sb. 
The silicate-based phosphor is configured to absorb an 
excitation radiation having a wavelength ranging from about 
280 nm to 520 nm, and particularly from wavelengths in the 
visible portion of that range such as from 430 to 480 nm. For 
example, the present silicate-based phosphor is configured 
to emit visible light having a wavelength ranging from about 
460 nm to 590 nm, and has the formula (Sr, Ba 
Ca, Euloo).SiO.D.; and where 0<xs 1.0, 0<ys 0.8, and 
0<Zs 0.2. An alternative formula is (Sri-Ba, Mg, Euloo.2), 
SiOD, where 0<xs 1.0, 0<ys 0.2 and 0<Zs 0.2. In an 
alternative embodiment, the phosphor may be described by 
the formula (Sri-Ba,M)SiO, Eu"D, where 0sxs 1, 
and M is one or more of Ca, Mg., Zn, Cd. In this embodi 
ment, the condition 0sys 0.5 applies when M is Ca; 
0sys0.1 when M is Mg; and 0sys0.5 when M is either Zn 
or Cd. In a preferred embodiment, the component D is the 
element fluorine (F). 

Exemplary phosphors were fabricated according to the 
present embodiments, and characterized optically in a vari 
ety of ways. First, and perhaps most revealing, were tests 
conducted to evaluate the intensity of the light emitted from 
the phosphor as a function of wavelength, wherein the test 
was carried out on a series of phosphor compositions that 
varied in the content of the D anion. From this data, it is 
useful to construct a graph of peak emission intensities, as 
a function of Danion content. Also useful is the construction 
of a graph of peak emission wavelength, again as a function 
of D anion content. Finally, it is possible to investigate the 
role that the divalent metal plays in phosphor performance; 
specifically, a series of compositions may be fabricated that 
contain two alkaline earth elements A and A. Sometime 
with an additional (or third) alkaline earth element A, and 
emission spectra as a function of wavelength may be mea 
sured for the different alkaline earths. In the case of two 
alkaline earths, in other words, the ratio of A/A content 
may be varied. 

Exemplary data is shown in FIGS. 3-6. The phosphor 
chosen to illustrate the inventive concept was a yellow-green 
phosphor of the family (Sri-Ba,)oosEuoolSiO4-D. In 
other words, it will be understood by those skilled in the art 
that the alkaline earth components (A and A) in these 
exemplary compositions are Sr and Ba; that it is an Eu" 
activated system, and that the D anions chosen for these 
compositions are F and Cl. Although "D' has been consis 
tently referred to as an anion in this disclosure, it is possible 
for a cation to be incorporated into the structure. The results 
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of such a composition are shown as well in FIG. 5, where the 
inclusion of phosphorus is compared to the results obtained 
for chlorine and fluorine. 
The effect of the inclusion of the D anion dopant into the 

phosphor, where D is fluroine (F) in an exemplary compo 
sition, is seen in FIGS. 3-5. Referring to FIG. 3, the emission 
spectra was taken of a series of six compositions for the 
composition (Sro, Baos)oosEuloo.2SiO4.D., where the 
mole percent (mol%) of the fluorine was 0, 3.2, 13.5, 9.0, 
16.8, and 19.0, respectively. The wavelength of the excita 
tion radiation in this experiment was 450 nm, and so light 
from this blue LED may be considered to contribute to the 
subsequently produced white light illumination. The results 
of FIG. 3 show that the emission intensity from this phos 
phor is significantly increased by doping the compositions 
with fluorine for concentrations up to about 10 mol %, at 
which point the intensity begins to fall off as the fluorine 
concentration is increased further. 
The data from FIG.3 may be plotted in a slightly different 

way: the value of the emission intensity at the maximum of 
each of the peaks may be plotted as a function of fluorine 
content, as shown for F using the triangle symbols in FIG. 
4. For example, since the curve in FIG. 3 exhibiting the 
highest intensity occurred for the composition having a 
fluorine content of 9 mol %, the highest point of the F-ion 
curve in FIG. 4 occurs at a location on the X-axis also at 9 
mol %. What makes FIG. 4 interesting (and the reason for 
plotting the data in this manner), is that Such a plot allows 
different D anions to be compared. Referring to FIG. 4. 
normalized peak emission intensities have been plotted as a 
function of doping concentration of the anions fluorine 
(triangles), chlorine (circles), and phosphorus (squares), 
again where the host phosphor comprised a silicate with Sr 
and Ba alkaline earth components in mole ratio 0.7 and 0.3, 
respectively. 
The data in FIG. 4 shows that the fluorine anion is most 

capable of increasing emission intensity, relative to P and Cl. 
and in this particular system under study. It is interesting to 
note that the F and P compositions both peaked at about 9 
mol %, whereas the Cl emission intensity was relatively 
constant over the range 9 to 17 mol %, and may even have 
shown a slight increase over the 9 to 17 mol % range. It 
should also be noted that whereas the increase offered by the 
Cl and P compositions is significant, being about a 40 to 
50% in normalized intensity at an optimized concentration, 
the advantage may not appear to be significant only because 
of the huge increase of 100% that the F composition 
displayed. Furthermore, there may be advantages offered by 
the relatively flat curve of the C1 composition, in this 
instance, where fabrication difficulties and/or inconsisten 
cies in content tolerances may be ignored because of the 
relative constant nature of the emission over a range of 
compositions (e.g., C1 content ranging from 9 to 17 mol%). 

Just as normalized peak emission intensity may be plotted 
as a function of doping concentration for a series of Danion 
or cation (in this case, F, Cl, or P) compositions, so too may 
the wavelength at which that peak emission occurs be 
plotted as a function of wavelength. This data is shown in 
FIG. 5, again for the family of compositions 
(Sro, Baos)oosEuloo.2SiO4.D., where D is either an F, Cl, 
or P anion. As before, the wavelength of the excitation 
radiation was about 450 nm. The results of FIG. 5 show that 
the peak emission wavelength does not significantly vary 
with concentration for P, but does decrease for F and Cl with 
increasing dopant concentration to a value between about 2 
and 4 mol %, steadily increasing thereafter. FIG. 6 is an 
example of excitation (absorption) spectra from an exem 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
plary phosphor, tested with an excitation wavelength of 
about 450 nm, affected by fluorine content in the inventive 
silicate based phosphors. It showed clearly again that the 
fluorine dramatically changed the excitation spectra of sili 
cate phosphors, in particular for the wavelength range from 
about 400 nm to 500 nm. This has a tremendous impact on 
white LED applications, since the 100 percent increase in 
excitation intensity at the excitation wavelength 430 to 490 
nm of blue LED was achieved with only about 10 percent 
increase (mole percent) in fluorine concentration. 
The effects that the inclusion of the Danion component 

into the phosphor have been discussed in FIGS. 3-5. Before 
preceeding to a disclosure of the effects of the alkaline earth 
component, a brief discussion of the role that the D anion 
plays in the composition will be given. 

The Role that the Ion Dopant (D) Plays in the Yellow 
Phosphor 
The effect of the inclusion of the anion D into the 

phosphor is highlighted by FIG. 3, which shows a collection 
of emission spectra of exemplary yellow phosphors varying 
in fluroine content. The wavelength of the excitation radia 
tion used in the experiment was about 450 nm. In one 
embodiment, fluorine is added to the phosphor composition 
in the form of a NHF dopant. The present inventors have 
found that when the NHF dopant amount is very small 
(about 1%), the position of the peak emission is located at 
shorter wavelengths, and as more NHF is added, the 
wavelength increases with dopant amount. The lumines 
cence of the Eudoped phosphor is due to the presence of the 
Eu" in the compound, which undergoes an electronic 
transition from 4f.5d to 4f. The wavelength positions of 
the emission bands depend very much on the host’s material 
or crystal structure, changing from the near-UV to the red 
region of the spectrum. This dependence is interpreted as 
due to the crystal field splitting of the 5d level. With 
increasing crystal field strength, the emission bands shift to 
longer wavelength. The luminescence peak energy of the 
5d-4f transition is affected most by crystal parameters denot 
ing electron-electron repulsion; in other word, the distance 
between Eu" cation and surrounding anions, and the aver 
age distance to distant cations and anions. 

In the presence of small amounts of NHF, the fluorine 
anion dopant functions predominantly as a flux during 
sintering processing. Generally, a flux improves sintering 
processing in one of two ways: the first is to promote crystal 
growth with the liquid sintering mechanism, and the second 
is to absorb and collect the impurities from the crystal grains 
and improve the phase purity of the sintered materials. In 
one embodiment of the present invention, the host phosphor 
is (Sri Bay)SiO. Both Sr and Ba are very large cations. 
There may be present Smaller cations such as Mg and Ca, 
which may be considered to be impurities. Therefore, further 
purification of host lattice will lead to more perfect sym 
metric crystal lattice and a larger distance between cations 
and anions, with a result of a weakening of the crystal field 
strength. This is the reason that Small amount doping of 
NHF moves the emission peak to shorter wavelength. The 
emission intensity increases with this Small amount of F 
doping attributes to a higher quality crystal with fewer 
defects. 

When the amounts of NHF are increased even further, 
some of the F anions will replace O’ anions, and become 
incorporated into the lattice. Cation vacancies will be cre 
ated in order to maintain an electrical charge neutrality. 
Since the vacancies in the cation positions reduce the 
average distance between cations and anions, the crystal 
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field strength will be increased. Therefore, the peak of the 
emission curves will move to longer wavelength as the 
NHF content increases due to the increased number of 
cation vacancies. The emission wavelength is directly 
related to the energy gap between ground and excitation 
states which is determined only by the crystal field strength. 
The result of emission wavelength increases with the fluo 
rine and chlorine is strong evidence of fluorine or chlorine 
incorporating into the host lattice, most likely in Substitute 
of oxygen sites. On the other hand, the addition of a 
phosphate ion does not Substantially change the emission 
wavelength, as expected. This is again evidence that phos 
phate acts as a cation, will not replace oxygen, and thus will 
not be easily incorporated into the lattice to change the host 
materials crystal field strength. This is particularly true of 
the crystal field surrounding the Eu" ions, which consist 
essentially of oxygen sites. The improvement in the emis 
sion intensity gained by adding NHHPO indicates that it 
works a flux agent as discussed above. 

The excitation spectra comparing fluorine containing sili 
cates and non-fluorine containing silicates, as shown in FIG. 
6, further confirmed the critical role that fluorine plays in the 
present embodiments of the present halide containing sili 
cate phosphors. The excitation spectra shown in FIG. 6 is 
obtained by plotting the emission intensity at the wavelength 
of 540 nm verses an excitation wavelength. The excitation 
intensity is directly related to the absorption and determined 
by excitation and transmission probability between excita 
tion level and ground level. The dramatic increase in exci 
tation intensity above 400 nm by introduction of fluorine 
into the silicate phosphor indicates again strongly that 
fluorine incorporates into the silicate lattice and changed 
dramatically the symmetrical surrounding of Eu" to non 
symmetrical structure, which directly increases the prob 
ability of emission and transmission between emission sate 
to ground state. From FIG. 6 one skilled in the art may see 
that about 10 mol % fluorine in silicate phosphor can 
increase about 100% emission intensity of non-fluorine 
contained silicate phosphor in the excitation wavelength 
from 450 to 480 nm which is the most important for white 
LED applications. 
The emission intensity decreases or levels off when the 

halide concentration increases more than 10 mol % as shown 
in FIG. 3. This can be explained by Eu emission quenching 
due to the fact that more defects introduced in associated 
with the fluorine incorporation into the lattice, the more 
non-radiation centers will be created to reduce the absorbed 
energy transferring to Eu" effective emission centers. The 
result in FIG. 3 indicates the maximum intensity increase by 
fluorine without Eu emission quenching is about 10 mol%. 
Effect of the Alkaline Earth Component 
The optical properties of the inventive yellow phosphor 

may be controlled, in addition to the methods discussed 
above, by adjusting the ratio of the alkaline earth elements 
contained within the phosphor. An exemplary data set that 
puts this embodiment of the inventive concept into place is 
illustrated in FIG. 7. Before turning to FIG. 7, however, it 
may be useful to discuss the general effects of typical 
alkaline earths on the crystal structure of the phosphor, 
which in turn will affect optical properties, where the 
alkaline earths under consideration are Sr., Ba, Ca, and Mg. 

T. Maeda et al. do not teach the benefits of the present 
dopant ion D in U.S. Patent Application 2004/0104391. 
Many of the principles pertaining to the alkaline earth 
content, however, still apply. Maeda et al. teach that when 
the content of Ba and Ca in a silicate phosphor is very Small; 
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in other words, when the content of the alkaline earths in the 
phosphor is mostly Sr, then the phosphor is likely to assume 
a monoclinic structure, or a structure comprising a mixture 
of monoclinic and orthorhombic crystal structures. When Ba 
is put into the phosphor at higher values than desired with 
little or no Ca, the crystal field around Eu" ions is weak. If 
the Ba content is low and the Ca content is higher than 
desired, the crystal structure is again likely to be monoclinic. 
Finally, if both the Ba and Ca contents are larger than 
desired, relative to the amount of Sr in the phosphor, then the 
silicate-based phosphor is likely to have a hexagonal struc 
ture. In each of these cases, according to Maeda et al., the 
phosphor is expected to be greener, and emits light with a 
low color purity for yellow. 

T. Maeda et al. teach that in order to obtain yellow light 
from the phosphor, which may be defined as light having a 
wavelength ranging from about 550 to 600 nm, the desired 
Ba content in the phosphor should be in a mole fraction from 
about 0 to 0.3. With regard to the Ca content, the desired 
condition for obtaining yellow wavelengths lies from about 
0 to 0.6, although they conjecture that yellow wavelengths 
may also be obtained from a compound in which the Ca 
substitution (for Sr) has a mole fraction of about 0.7. Maeda 
et al. note that compounds that do not contain any Sr do not 
emit yellow light. 
The present inventors have completed an investigation of 

the composition space (Sri Ba, Ca,Mg)2SiO4 (where 
X+y+Z-1) to enhance luminescent properties. In this case the 
particular interest was to optimize the material configured to 
emit green to yellow color light by blue excitation. The 
effects of Stoichiometric ratio of calcium, strontium and 
barium on luminescent properties were found in consistent 
with Maeda et al’s results disclosed in their patent. However, 
the present invention is more focused on the improvements 
of emission intensity while controlling the emission wave 
length in the desired green to yellow region. FIG. 7 is a 
graph of the emission spectra of exemplary yellow-green 
phosphors belonging to the family (Sro Baos)oosEuool 
SiOF, where the value of the strontium content in the 
series varies from 0 to 12, 25, 37, 50, 60, 65, 70, 80, 90, and 
100 percent. Plotted another way, the value of X in the 
formula Sri Ba, ranges from 0, 0.1, 0.2,0.3, 0.35, 0.4,0.5, 
0.63, 0.75, 0.87, and 1.0. Also plotted for comparison is a 
prior art YAG:Ce phosphor. The present study of the effects 
of alkaline metals on luminescent properties of silicate 
phosphors may be summarized as follows: 

(1) In (Sri Bay)SiO phosphor materials, the emission 
peak wavelength changes from green at 500 nm for X=1 
(100% Ba) to yellow at 580 nm for X=0 (100% Sr) as 
shown in FIG. 7. The conversion efficiency from the 
same light source at 450 nm shows a continuous 
increase when the Ba increases from 0 to about 90%. 
The peak emission wavelength of 545 nm obtained 
when Ba to Sr ratio is 0.3 to 0.7 is close to the pure 
YAG:Ce peak emission wavelength as compared in 
FIG. 7. 

(2) Calcium substitution of barium or strontium in the 
Sr Babased silicate phosphor system will in general 
reduce the emission intensity, even they can be favored 
for moving the emission to longer wavelength when 
calcium substitution is less than 40%. 

(3) Magnesium substitution of barium or strontium in the 
Sr Babased silicate phosphors will in general reduce 
the emission intensity and move the emission to shorter 
wavelengths. However, the Small amount of magne 
sium substitution of barium or strontium (<10%) will 
enhance the emission intensity and move the emission 
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to longer wavelengths. For example, five percent of 
Substitution of barium by magnesium in (SroBao.) 
SiO, will increase the emission intensity and move to a 
slightly longer wavelength, as shown in FIG. 7 for the 
CVe labeled (Sro.9Baolozs Mgolo2s)09s Eulolo2l2 
SiO3.9Fol. 

(4) To match or improve upon a YAG emission spectrum, 
it may be necessary in Some embodiments of the 
present invention to mix the inventive silicate phos 
phors. FIG. 8 shows that a substantially identical CIE 
color of YAG can be prepared by mixing 40% 
(Sr, Baos)oosEuloloal-SiO3.9Fol and 60% 
(SrogBaolos Mgolos)oosEuool2SiO39Fol. The total 
brightness of the mixture is estimated to be nearly 90% 
as bright as the YAG composition. 

Effects of Temperature and Humidity on the Phosphor 
Temperature and humidity effects on the luminescent 

properties are very important to phosphor-based illumina 
tion devices such as white LEDs, based on partial or total 
conversion of LED emission to other wavelength emissions 
by the selected phosphor material system. The operating 
temperature range for Such phosphor-based radiation 
devices depends on the specific application requirements. 
Temperature stable up to 85°C. are generally required for 
commercial electronic applications. However, temperatures 
up to 180° C. are desired for high power LED applications. 
Stability over the entire humidity range of 0 to 100% is 
required for almost all commercial electronic applications. 

FIGS. 9-11 are plots of maximum luminescent intensity 
either as a function of temperature, or of wavelength for 
various temperatures, for an exemplary fluorine containing 
silicate phosphor (Sro, Baos Euolo) os Sio2OsoFol. This 
particular phosphor was derived from the series of emission 
spectra measured at different temperatures shown previ 
ously. The temperature stability of the phosphor of this 
invention behaves very similar to that of a commercial YAG 
phosphor, particularly up to 100° C. FIG. 12 shows graph of 
the stability of the phosphor of this invention for humidity 
ranging from about 20 to 100%. Without being constrained 
to any one theory, the inventors believe that while the reason 
for the 3% increase in emission maximum intensity above 
90% humidity is unknown at this time, such a phenomena is 
reversible when the humidity oscillates between a value of 
about 90% to 100%. 

Phosphor Fabrication Processes 
Methods of fabricating the novel silicate-based phosphor 

of the present embodiments are not limited to any one 
fabrication method, but may, for example, be fabricated in a 
three step process that includes: 1) blending starting mate 
rials, 2) firing the starting material mix, and 3) various 
processes to be performed on the fired material, including 
pulverizing and drying. The starting materials may comprise 
various kinds of powders, such as alkaline earth metal 
compounds, silicon compounds, and europium compounds. 
Examples of the alkaline earth metal compounds include 
alkaline earth metal carbonates, nitrates, hydroxides, oxides, 
oxalates, and halides. Examples of silicon compounds 
include oxides such as silicon oxide and silicon dioxide. 
Examples of europium compounds include europium oxide, 
europium fluoride, and europium chloride. As a germanium 
material for the germanium-containing novel yellow-green 
phosphors of the present invention, a germanium compound 
Such as germanium oxide may be used. 
The starting materials are blended in a manner Such that 

the desired final composition is achieved. In one embodi 
ment, for example, the alkaline-earth, silicon (and/or ger 
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manium), and europium compounds are bended in the 
appropriate ratios, and then fired to achieve the desired 
composition. The blended starting materials are fired in a 
second step, and to enhance the reactivity of the blended 
materials (at any or various stages of the firing), a flux may 
be used. The flux may comprise various kinds of halides and 
boron compounds, examples of which include strontium 
fluoride, barium fluoride, calcium fluoride, europium fluo 
ride, ammonium fluoride, lithium fluoride, sodium fluoride, 
potassium fluoride, strontium chloride, barium chloride, 
calcium chloride, europium chloride, ammonium chloride, 
lithium chloride, Sodium chloride, potassium chloride, and 
combinations thereof. Examples of boron-containing flux 
compounds include boric acid, boric oxide, strontium 
borate, barium borate, and calcium borate. 

In some embodiments, the flux compound is used in 
amounts where the number of mole percent ranges from 
between about 0.1 to 3.0, where values may typically range 
from about 0.1 to 1.0 mole percent, both inclusive. 

Various techniques for mixing the starting materials (with 
or without the flux) include using a motar, mixing with a ball 
mill, mixing using a V-shaped mixer, mixing using a cross 
rotary mixer, mixing using a jet mill and mixing using an 
agitator. The starting materials may be either dry mixed or 
wet mixed, where dry mixing refers to mixing without using 
a solvent. Solvents that may be used in a wet mixing process 
include water or an organic solvent, where the organic 
solvent may be either methanol or ethanol. 
The mix of starting materials may be fired by numerous 

techniques known in the art. A heater Such as an electric 
furnace or gas furnace may be used for the firing. The heater 
is not limited to any particular type, as long as the starting 
material mix is fired at the desired temperature for the 
desired length of time. In some embodiments, firing tem 
peratures may range from about 800 to 1600° C. The firing 
time may range from about 10 minutes to 1000 hours. The 
firing atmosphere may be selected from among air, a low 
pressure atmosphere, a vacuum, an inert-gas atmosphere, a 
nitrogen atmosphere, an oxygen atmosphere, an oxidizing 
atmosphere, and/or a reducing atmosphere. Since Eu" ions 
need to be included in the phosphor at Some stage of the 
firing, it is desired in Some embodiments to provide a 
reducing atmosphere using a mixed gas of nitrogen and 
hydrogen. 

Exemplary methods of preparing the present phosphors 
include a sol-gel method and a solid reaction method. The 
sol-gel method may be used to produce powder phosphors. 
A typical procedure comprised the steps of 
1. a) Dissolving certain amounts of alkaline earth nitrates 
(Mg, Ca, Sr. Ba), and EuO and/or BaF2 or other alkaline 
earth metal halides in dilute nitric acid; and 
b) Dissolving corresponding amount of silica gel in 

de-ionized water to prepare a second solution. 
2. After the solids of the two solutions of steps 1a) and 1b) 

above were totally dissolved, the two solutions were 
mixed and stirred for two hours. Ammonia was then used 
to generate a gel in the mixture solution. Following 
formation of the gel, the pH was adjusted to about 9.0, and 
the gelled solution stirred continuously at about 60° C. for 
3 hours. 

3. After drying the gelled solution by evaporation, the 
resulted dry gel was decomposed at 500 to 700° C. for 
about 60 minutes to decompose and acquire oxides. 

4. After cooling and grinding with certain amount of NHF 
or other ammonia halides when alkaline earth metal 
halides are not used in step 1a), the powder was sintered 
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in a reduced atmosphere for about 6 to 10 hours. The 
calcining/sintering temperature ranged from about 1200 
to 1400° C. 

Alternatively, the solid reaction method was also used for 
silicate-based phosphors. The steps of a typical procedure 
used for the solid reaction method are as following: 
1. Desired amounts of alkaline earth oxides or carbonates 
(Mg, Ca, Sr. Ba), dopants of EuO and/or BaF or other 
alkaline earth metal halides, corresponding SiO, and/or 
NHF or other ammonia halides were wet mixed with a 
ball mill. 

2. After drying and grinding, the resulting powder was 
calcined/sintered in a reduced atmosphere for about 6 to 
10 hours. The calcining/sintering temperature ranged 
from 1200 to 1400° C. 
In a specific example relating to the preparation of the 

present phosphors, the concentration of fluorine in the 
sintered phosphor (Sri-Ba,)oosEuoolSiO4F, was mea 
Sured using secondary ion emisson spectroscopy (SIMS), 
and the results are shown in FIG. 13. In this experiment, the 
fluorine was added to the phosphor as NHF. The results 
show that for a mol % of fluorine of about 20 mol % in the 
starting material, the sintered phosphor ends up with about 
10 mol%. When the content of fluorine in the raw material 
is about 75 mol %, the content of fluorine in the sintered 
phosphor is about 18 mol%. 

Production of White Light Illumination 
The white light illumination that may be produced using 

the inventive, novel yellow-green phosphor will be dis 
cussed in this final portion of the disclosure. The first section 
of this final portion will begin with a description of exem 
plary blue LEDs that may be used to excite the inventive 
yellow-green phosphor. That the present yellow-green phos 
phors are capable of absorbing, and be excited by, light over 
a large range of wavelengths, including the blue portion of 
the visible, is demonstrated by the excitation (absorption) 
spectra of FIG. 6. Next, a generalized description of the CIE 
diagram will be provided, along with the location of the 
inventive yellow-green phosphor on the diagram, as shown 
in FIG. 14. According to the general scheme of FIG. 1, light 
from the inventive yellow-green phosphor may be combined 
with light from the blue LED to make white illumination; the 
results of Such an experiment are shown in an emission 
intensity versus wavelength plot for this system in FIG. 15. 
The color rendering of the white light may be adjusted with 
the inclusion of other phosphors in the system, as exempli 
fied by the spectrum of FIG. 16. Alternatively, the inventive 
phosphor may be adjusted to emit more in the green, and 
combined with a red phosphor to make up the phosphor 
system, which together with the blue light from the blue 
LED produces the spectrum in FIG. 17. To conclude, the 
CIE diagram of the resulting white light is shown in FIG. 18. 
The Blue LEd Radiation Source 

According to the present embodiments, the blue light 
emitting LED emits light having a main emission peak in the 
wavelength range greater than or equal to about 400 nm, and 
less than or equal to about 520 nm. This light serves two 
purposes: 1) it provides the excitation radiation to the 
phosphor system, and 2) it provides blue light which, when 
combined with the light emitted from the phosphor system, 
makes up the white light of the white light illumination. 

In an alternative embodiment, the blue LED emits light 
greater than or equal to about 420 nm, and less than or equal 
to about 500 nm. In yet another embodiment, the blue LED 
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emits light greater than or equal to about 430 and less than 
or equal to about 480 nm. The blue LED wavelength may be 
450 nm. 
The blue light emitting device of the present embodiments 

is herein described generically as a “blue LED, but it will 
be understood by those skilled in the art that the blue light 
emitting device may be at least one of (wherein it is 
contemplated to have several operating simultaneously) a 
blue light emitting diode, a laser diode, a surface emiting 
laser diode, a resonant cavity light emitting diode, an 
inorganic electroluminescence device and an organic elec 
troluminescence device. If the blue light emitting device is 
an inorganic device, it may be a semiconductor selected 
from the group consisting of a gallium nitride based com 
pound semiconductor, a Zinc selenide semiconductor and a 
Zinc oxide semiconductor. 

FIG. 6 is an excitation spectrum of the present yellow 
green phosphors, showing that these novel phosphors are 
capable of absorbing radiating over a range of about 280 to 
520 nm, and relevant to the present embodiments, over a 
range of about 400 to 520 nm. In preferred embodiments of 
the present invention, the novel yellow-green phosphors 
absorb radiation (in other words, are capable of being 
excited by radiation) ranging from 430 to 480 nm. In yet 
another embodiment, the phosphor absorbs radiation having 
a wavelength of about 450 nm. 

Next, a generalized description of the CIE diagram will be 
given, along with a description of where the present yellow 
green phosphors appear on the CIE diagram. 
Chromaticity Coordinates on a CIE Diagram, and the CRI 

White light illumination is constructed by mixing various 
or several monochromatic colors from the visible portion of 
the electromagnetic spectrum, the visible portion of the 
spectrum comprising roughly 400 to 700 nm. The human 
eye is most sensitive to a region between about 475 and 650 
nm. To create white light from either a system of LEDs, or 
a system of phosphors pumped by a short wavelength LED, 
it is necessary to mix light from at least two complementary 
sources in the proper intensity ratio. The results of the color 
mixing are commonly displayed in a CIE "chromaticity 
diagram, where monochromatic colors are located on the 
periphery of the diagram, and white at the center. Thus, the 
objective is to blend colors such that the resulting light may 
be mapped to coordinates at the center of the diagram. 

Another term of art is “color temperature,” which is used 
to describe the spectral properties of white light illumina 
tion. The term does not have any physical meaning for 
“white light LEDs, but it is used in the art to relate the 
color coordinates of the white light to the color coordinates 
achieved by a black-body source. High color temperature 
LED's versus low color temperature LEDs are shown at 
www.korry.com. 

Chromaticity (color coordinates on a CIE chromaticity 
diagram) has been described by Srivastava et al. in U.S. Pat. 
No. 6,621.211. The chromaticity of the prior art blue LED 
YAG:Ce phosphor white light illumination system described 
above are located adjacent to the so-called “black body 
locus,” or BBL, between the temperatures of 6000 and 8000 
K. White light illumination systems that display chromatic 
ity coordinates adjacent to the BBL obey Planck's equation 
(described at column 1, lines 60-65 of that patent), and are 
desirable because such systems yield white light which is 
pleasing to a human observer. 
The color rendering index (CRI) is a relative measure 

ment of how an illumination system compares to that of a 
black body radiator. The CRI is equal to 100 if the color 
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coordinates of a set of test colors being illuminated by the 
white light illumination system are the same as the coordi 
nates generated by the same set of test colors being irradi 
ated by a black body radiator. 

Turning now to the present yellow-green phosphors, 
various exemplary compositions of the novel phosphors 
were excited with 450 nm radiation, and the positions of 
their emissions on a CIE diagram are shown in FIG. 14. The 
position of the 450 nm excitation light is also shown, as well 
as the position of a YAG:Ce phosphor for comparison. 
The yellow to yellow-green color of these exemplary 

phosphors may advantageously be mixed with blue light 
from the blue LED described above (wherein the blue light 
has a wavelength ranging from about 400 to 520 nm in one 
embodiment, and 430 to 480 nm in another embodiment) to 
construct the white light illumination desired for a multi 
plicity of applications. FIG. 15 shows the results of mixing 
light from a blue LED with an exemplary yellow phosphor, 
in this case the yellow phosphor having the formula 
(Sro.7Baoshuolo).19s Sio2O3.9Fol. 

It will be understood by those skilled in the art that the 
present yellow-green phosphor may be used in conjunction 
with other phosphors, as part of a phosphor System, where 
upon the light emitted from each of the phosphors of the 
phosphor system may be combined with the blue light from 
the blue LED to construct white light with alternative color 
temperatures and color renderings. In particular, green, 
orange and/or red phosphors disclosed previously in the 
prior art may be combined with the present yellow-green 
phosphor. 

For example, U.S. Pat. No. 6,649,946 to Bogner et al. 
disclosed yellow to red phosphors based on alkaline earth 
silicon nitride materials as host lattices, where the phosphors 
may be excited by a blue LED emitting at 450 nm. The red 
to yellow emitting phosphors uses a host lattice of the 
nitridosilicate type M.Si.N.:Eu, wherein M is at least one of 
an alkaline earth metal chosen from the group Ca, Sr, and 
Ba, and wherein Z=2/3 x+4/3 y. One example of a material 
composition is Sr...SisNs:Eu". The use of such red to yellow 
phosphors was disclosed with a blue light emitting primary 
Source together with one or more red and green phosphors. 
The objective of such a material was to improve the red 
color rendition R9 (adjust the color rendering to red-shift), 
as well as providing a light source with an improved overall 
color rendition Ra. 

Another example of a disclosure of Supplementary phos 
phors, including red phosphors, that may be used with the 
present yellow-green phosphor are found in U.S. Patent 
Application 2003/0006702 to Mueller-Mach, which dis 
closed a light emitting device having a (Supplemental) 
fluorescent material that receives primary light from a blue 
LED having a peak wavelength of 470 nm, the supplemental 
fluorescent material radiating light in the red spectral region 
of the visible light spectrum. The supplementary fluorescent 
material is used in conjunction with a main fluorescent 
material to increase the red color component of the com 
posite output light, thus improving the white output light 
color rendering. In a first embodiment, the main fluorescent 
material is a Ce activated and Gd doped yttrium aluminum 
garnet (YAG), while the supplementary fluorescent material 
is produced by doping the YAG main fluorescent material 
with Pr. In a second embodiment, the supplementary fluo 
rescent material is a Eu activated SrS phosphor. The red 
phosphor may be, for example, (SrBaCa)SisNs:Eu". The 
main fluorescent material (YAG phosphor) has the property 
of emitting yellow light in response to the primary light from 
the blue LED. The supplementary fluorescent material adds 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
red light to the blue light from the blue LED and the yellow 
light from the main fluorescent material. 

U.S. Pat. No. 6,504,179 to Ellens et al. disclose a white 
LED based on mixing blue-yellow-green (BYG) colors. The 
yellow emitting phosphor is a Ce-activated garnet of the rare 
earths Y. Th, Gd, Lu, and/or La, where a combination of Y 
and Tb was preferred. In one embodiment the yellow 
phosphor was a terbium-aluminum garnet (Tb AG) doped 
with cerium (Tb Al-O Ce). The green emitting phosphor 
comprised a CaMg chlorosilicate framework doped with Eu 
(CSEu), and possibly including quantities of further dopants 
such as Mn. Alternative green phosphors were SrAl-O: 
Eu" and SrAl-O.s:Eu". 
The novel yellow-green phosphor may be used in a 

combination of green and yellow phosphors (Tb AlsC)— 
Ce). 

Although a prior art method disclosed in U.S. Pat. No. 
6,621.211 to Srivastava et all was designed to emit white 
light using a non-visible UV LED, this patent is relavent to 
the present embodiments because of the Supplementary 
green, orange, and/or red phosphors used in the phosphor 
system. The white light produced in this method was created 
by non-visible radiation impinging on three, and optionally 
a fourth, phosphor, of the following types: the first phosphor 
emitted orange light having a peak emission wavelength 
between 575 and 620 nm, and preferably comprised a 
europium and manganese doped alkaline earth pyrophos 
phate phosphor according to the formula A.P.O., Eu", 
Mn". Alternatively, the formula for the orange phosphor 
could be written (AEu,Mn)2PO, where 0<xs0.2, and 
0<ys 0.2. The second phosphor emits blue-green light hav 
ing a peak emission wavelength between 495 and 550 nm, 
and is a divalent europium activated alkaline earth silicate 
phosphor ASiO:Eu", where A comprised at least one of Ba, 
Ca, Sr., or Mb. The third phosphor emitted blue light having 
a peak emission wavelength between 420 and 480 nm, and 
comprised either of the two commercially available phos 
phors “SECA.” D(PO)Cl:Eu", where D was at least one 
of Sr, Ba, Ca, or Mg, or “BAM, which may be written as 
AMgAlOz, where A comprised at least one of Ba, Ca, or 
Sr. or BaMgAloOz:Eu". The optional fourth phosphor 
emits red light having a peak emission wavelength between 
620 and 670 nm, and it may comprise a magnesium fluo 
rogermanate phosphor MgO*MgF*GeO:Mn". 
The Inventive Yellow Phosphor in Combination with Other 
Phosphors 

In one embodiment of the present invention, a white 
illumination device can be constructed using a GaN based 
blue LED having a emission peak wavelength ranging about 
430 nm to 480 nm, in combination with the inventive yellow 
phosphor with an emission peak wavelength ranging from 
about 540 nm to 580 nm. FIG. 15 is a combination spectra 
measured from a white illumination device, which consists 
of a blue LED and the inventive yellow phosphor layer. The 
conversion efficiency and the amount of the phosphor used 
in the device directly determines the color coordination of 
the white illumination devices in CIE diagram. In this case, 
a color temperature of about 5,000 to 10,000 K with a color 
coordination where X ranges from 0.25 to 0.40 and Y ranges 
from 0.25 to 0.40 can be achieved by combining light from 
the blue LED with light from the inventive yellow phosphor. 

In another embodiment, a white illumination device may 
be constructed using a GaN based blue LED having an 
emission peak wavelength ranging from about 430 mm to 
480 nm, the inventive yellow phosphor has an emission peak 
wavelength ranging from about 540 nm to 580 mm; and an 
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inventive green phosphor having an emission peak wave 
length ranging from about 500 nm to 520 mm. The color 
rendering of the resulting white light has been improved 
with this solution of mixing green and yellow phosphors. 
FIG. 16 is a combination spectra measured from a white 
illumination device comprising the light from a blue LED, 
and the light from a mixture of the inventive yellow and 
green phosphors. The conversion efficiency and the amounts 
of the phosphors used in the device directly determine the 
color coordination of the white illumination devices in CIE 
diagram. In this case, a color temperature of 5,000 to 7,000 
K with a color rendering greater than 80 was achieved by 
combining light from the blue LED with light from a 
mixture of the inventive yellow and green phosphors. 

In another embodiment, a white illumination device may 
be constructed by using a GaN based blue LED having an 
emission peak wavelength ranging from about 430 mm to 
480 mm; the inventive green phosphor having an emission 
peak wavelength ranging from about 530 nm to 540 nm, and 
a commercially available red phosphor Such as Eu doped 
CaShaving an emission peak wavelength ranging from 600 
mm to 670 mm. The color temperature may be adjusted to 
3,000 K, and color rendering may be enhanced to a value 
greater than about 90 using the presently disclosed green and 
red phosphors. FIG. 17 is a combination spectra measured 
from a white illumination device comprising a blue LED and 
the mixture of the inventive green and CaS:Euphosphors. 
The conversion efficiency and amount of the phosphor used 
in the device directly determines the color coordination of 
the white illumination devices in CIE diagram. In this case 
the color temperature of 2,500 to 4,000 K with color 
rendering greater than 85 can be achieved by combining 
light from the blue LED with light from a mixture of the 
inventive red and green phosphor system. FIG. 18 shows the 
position of the resultant white light illumination on a CIE 
diagram. 
Many modifications of the exemplary embodiments of the 

invention disclosed above will readily occur to those skilled 
in the art. Accordingly, the invention is to be construed as 
including all structure and methods that fall within the scope 
of the appended claims. 
What is claimed is: 
1. A silicate-based yellow-green phosphor having the 

formula A-SiO:Eu"D, wherein: 
A is at least one of a divalent metal selected from the 

group consisting of Sr, Ca, Ba, Mg., Zn, and Cd; and 
D is a dopant selected from the group consisting of F, Cl, 

Br, I, P S and N, wherein D is present in the phosphor 
in an amount ranging from about 0.01 to 20 mole 
percent, and wherein at least some of the D dopant 
Substitutes for oxygen anions to become incorporated 
into the crystal lattice of the silicate-based yellow 
green phosphor. 

2. The silicate-based phosphor of claim 1, wherein the 
phosphor is configured to absorb radiation in a wavelength 
ranging from about 280 nm to 490 nm. 

3. The silicate-based phosphor of claim 1, wherein the 
phosphor emits visible light having a wavelength ranging 
from about 460 nm to 590 mm. 

4. The silicate-based phosphor of claim 1, wherein the 
phosphor has the formula (Sr, Ba, M), SiO:Eu"D, 
where M is at least one of an element selected from the 
group consisting of Ca, Mg., Zn, and Cd, and where 
Osxs 1: 
Osys 1 when M is Ca; 
Osys 1 when M is Mg; and 
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20 
Osys 1 when M is selected from the group consisting of 
Zn and Cd. 

5. The silicate-based phosphor of claim 1, wherein D is F. 
6. The silicate-based phosphor of claim 1, wherein the 

phosphor has the formula (Sri-Ba, M.), SiO:Eu?"F, 
where M is at least one of an element selected from the 
group consisting Ca, Mg., Zn, Cd, and where 
Osxs0.3: 
0sys0.5 when M is Ca: 
Osys0.1 when M is Mg; and 
Osys0.5 when M is selected from the group consisting 

of Zn and Cd. 
7. The silicate-based phosphor of claim 6, wherein the 

phosphor emits light in the yellow region of the electromag 
netic spectrum, and has a peak emission wavelength ranging 
from about 540 to 590 nm. 

8. The silicate-based phosphor of claim 1, wherein the 
phosphor has the formula (Sri-Ba, M.), SiO:Eu"F, 
where M is at least one of an element selected from the 
group consisting of Ca, Mg., Zn, and Cd, and where 

0.3 sxs 1: 
0sys0.5 when M is Ca: 
Osys0.1 when M is Mg; and 
Osys0.5 when M is selected from the group consisting 

of Zn and Cd. 
9. The silicate-based phosphor of claim 8, wherein the 

phosphor emits light in the green region of the electromag 
netic spectrum, and has a peak emission wavelenth ranging 
from about 500 to 530 nm. 

10. A white LED comprising: 
a radiation source configured to emit radiation having a 

wavelength ranging from about 410 to 500 nm: 
a yellow phosphor according to claim 7, the yellow 

phosphor configured to absorb at least a portion of the 
radiation from the radiation source and emit light with 
a peak intensity in a wavelength ranging from about 
530 to 590 nm. 

11. A white LED comprising: 
a radiation Source configured to emit radiation having a 

wavelength ranging from about 410 to 500 nm: 
a yellow phosphor according to claim 7, the yellow 

phosphor configured to absorb at least a portion of the 
radiation from the radiation source and emit light with 
peak intensity in a wavelength ranging from about 530 
to 590 nmi; and 

a green phosphor according to claim 9, the green phos 
phor configured to absorb at least a portion of the 
radiation from the radiation source and emit light with 
peak intensity in a wavelength ranging from about 500 
to 540 nm. 

12. A white LED comprising: 
a radiation Source configured to emit radiation having a 

wavelength ranging from about 410 to 500 nm: 
a green phosphor according to claim 9, the green phos 

phor configured to absorb at least a portion of the 
radiation from the radiation source and emit light with 
peak intensity in a wavelength ranging from about 500 
to 540 nm, 

a red phosphor selected from the group consisting of 
CaS:Eu", SrS:Eu?", MgO*MgF*GeO:Mn", and 
M.Si.N.:Eu' where M is selected from the group 
consisting of Ca, Sr., Ba, and Zn; Z=2/3x--4/3y, wherein 
the red phosphor is configured to absorb at least a 
portion of the radiation from the radiation Source and 
emit light with peak intensity in a wavelength ranging 
from about 590 to 690 nm. 



US 7,311,858 B2 
21 

13. A white LED comprising: 
a radiation source configured to emit radiation having a 

wavelength ranging from about 410 to 500 nm: 
a yellow phosphor according to claim 7, the yellow 

phosphor configured to absorb at least a portion of the 
radiation from the radiation source and emit light with 
a peak intensity in a wavelength ranging from about 
540 to 590 nm: 

a red phosphor selected from the group consisting of 
CaS:Eu", SrS:Eu", MgO*MgF*GeO:Mn", and 
M.S.N.:Eu", where M is selected from the group 
consisting of Ca, Sr., Ba, and Zn; and Z=2/3x+4/3y, 
wherein the red phosphor is configured to absorb at 
least a portion of the radiation from the radiation Source 
and emit light with peak intensity in a wavelength 
ranging from about 590 to 690 nm. 

14. A composition comprising: 
a silicate-based yellow phosphor having the formula 
ASiO, Eu"D, wherein A is at least one divalent metal 
Selected from the group consisting of Sr, Ca, Ba, Mg, 
Zn, and Cd; and 

D is a negatively changed halogen ion that is present in 
the yellow phosphor in an amount ranging from about 
0.01 to 20 mole percent; wherein at least some of the 
negativety charged halogen ions D Sudstitute for oxy 
gen anions to become incorporate into the crystal lattice 
of the silicate-base yellow phosphor, and 

a blue phosphor; 
wherein the yellow phosphor is configured to emit visible 

light with a peak intensity in a wavelength ranging 
from about 540 nm to 590 nmi; and the blue phosphor 
is configured to emit visible light with a peak intensity 
in a wavelength ranging from about 480 to 510 nm. 

15. The composition of claim 14, wherein the blue phos 
phor is selected from the group consisting of silicate-based 
phosphors and aluminate-based phosphors. 

16. The composition of claim 15, wherein the silicate 
based blue phosphor has the formula Sr.,Mg, BaSiO. 
Eu"F; and where 
0.5sxs 1.0; and 
0sys 0.5. 
17. The composition of claim 15, wherein the aluminate 

based blue phosphor has the formula Sr.,MgEu, AloOz: 
and where 0.01 <Xs 1.0. 

18. A composition comprising: 
a silicate-based green phosphor having the formula 
ASiO, Eu"D, wherein A is at least one of a divalent 
metal selected from the group consisting of Sr, Ca, Ba, 
Mg., Zn, and Cd; and D is a negatively charged halogen 
ion that is present in the yellow phosphor in an amount 
ranging from about 0.01 to 20 mole percent, wherein at 
least some of the negativety charged halogen ion D 
Substituted for oxygen anions and thus are incorporated 
into the crystal lattice of the silicate-based green phos 
phor; 
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a blue phosphor; and 
a red phosphor; 
wherein the green phosphor is configured to emit visible 

light with a peak intensity in a wavelength ranging 
from about 500 nm to 540 mm; the blue phosphor is 
configured to emit visible light with a peak intensity in 
a wavelength ranging from about 480 to 510 nmi; and 
the red phosphor is configured to emit visible light with 
a peak intensity in a wavelength ranging from about 
575 to 620 nm. 

19. A method of preparing a silicate-based yellow phos 
phor having the formula A-SiO:Eu"D, wherein A is at least 
one of a divalent metal selected from the group consisting of 
Sr., Ca, Ba, Mg., Zn, and Cd; and D is a dopant selected from 
the group consisting of F, Cl, Brand I, wherein D is present 
in the phosphor in an amount ranging from about 0.01 to 20 
mole percent, the method comprising using a wet mixing 
step to incorporate at least some of the D dopant into the 
crystal lattice of the silicate-based yellow phosphor. 

20. The method of claim 19, wherein the method com 
prises: 

a) dissolving a desired amount of an alkaline earth nitrate 
Selected from the group consisting of Mg, Ca, Sr, and 
Ba-containing nitrates with EuO and BaF2 or other 
alkaline metal halides, in an acid to prepered first 
Solution; 

b) dissolving a corresponding amount of a silica gel in 
de-ionized water to prepare a second solution; 

c) stirring together the Solutions produced in steps a) and 
b), and then adding ammonia to generate a gel from the 
mixture solution; 

d) adjusting the pH of the solution produced in step c) to 
a value of about 9, and then stirring the solution 
continuously at about 60° C. for about 3 hours; 

e) drying the gelled Solution of step d) by evaporation, and 
then decomposing the resulting dried gel at 500 to 700° 
C. for about 60 minutes to decompose and acquire 
product oxides; 

f) cooling and grinding the gelled solution of step e) with 
NHF or other ammonia halides when alkaline earth 
metal halides are not used in step a) to produce a 
powder, 

g) calcining/sintering the powder of step f) in a reduced 
atmosphere for about 6 to 10 hours, the sintering 
temperature ranging from about 1200 to 1400° C. 

21. The method of claim 19, wherein the mixing method 
comprises: 

a) wet mixing desired amounts of alkaline earth oxides or 
carbonates (Mg, Ca, Sr., Ba), dopants of EuO and 
BaF, or other alkaline earth metal halides, correspond 
ing SiO, and NHF or other ammonia halides with a 
ball mill; and 

b) after drying and grinding, calcining and/or sintering the 
resulting powder in a reduced atmosphere for about 6 
to 10 hours, at a calcining/sintering temperature rang 
ing from about 1200 to 1400° C. 

k k k k k 


